Probiotics are commonly included in dairy products, especially fermented milks. One major criterion considered for selection of probiotic bacteria has been their capacity to adhere to the human intestinal epithelial cells. Adhesion is believed to be a requirement for the realization of certain probiotic effects, such as immunomodulation (37, 44) and pathogen exclusion (6, 28) . However, the mechanisms of attachment are not understood. Association with the intestinal mucosa can initiate and extend transient associations, which affords these bacteria a distinct advantage when in the gastrointestinal tract. Lactobacillus acidophilus NCFM is an industrial bacterial strain used widely in dietary supplements and cultured yogurts (36) . Recent studies have implicated the involvement of some surface proteins from lactobacilli in adhesion to epithelial cells (16) , mucin (32) , and various extracellular matrix (ECM) proteins (40) . The surface layer protein, SlpA, from other lactobacilli has also been shown to bind epithelial cells and ECM components (4, 21) . However, no studies have demonstrated unequivocally the function and significance of S-layers in either adherence or improved retention of probiotic cultures in the gastrointestinal tract.
Lactobacilli are normal components of the intestinal microbiota and appear to be a key factor in the processes of competitive exclusion (13) and immunomodulation (44, 45) exerted by commensal organisms. Although extensive genetic characterization of the adhesive abilities of enteropathogenic bacteria has been performed, the genetic systems responsible for intestinal adhesion of probiotic bacteria are not fully understood. The difficulties in performing human trials, the complex and kinetic nature of the intestinal environment, and the absence of mutant strains for isogenic comparisons have made it difficult to study these processes. Development of appropriate intestinal model systems has allowed us to study bacterial adhesion to epithelial and mucosal surfaces in vitro, particularly in pathogen models. In vitro model systems, together with high-throughput sequencing of Lactobacillus genomes, now provides a platform for functional analysis of genes that may contribute to adherence and aggregation processes.
In order to identify genes potentially involved in adhesion, the complete genome sequence of L. acidophilus NCFM (2) was analyzed and open reading frames (ORFs) similar to genes implicated previously in adhesion were targeted for insertional inactivation, including two streptococcal R28 homologs (LBA1633 and LBA1634), a fibronectin-binding protein (FpbA), a mucinbinding protein (Mub), and a surface layer protein (SlpA). In this study, we provide evidence that the genes encoding FbpA, Mub, and SlpA contribute to the ability of NCFM to adhere to intestinal cells in vitro.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are identified in Table 1 . Lactobacillus strains were cultivated anaerobically at 37°C or 42°C in MRS broth (Difco Laboratories Inc., Detroit, MI) or, when appropriate, in MRS supplemented with 1.5% agar. Escherichia coli was propagated aerobically in Luria-Bertani (LB) medium (Difco) or on LB medium supplemented with 1.5% agar at 37°C. Brain heart infusion medium (Difco) supplemented with 1.5% agar and 150 g/ml erythromycin (Em) was used for selection of E. coli transformants. Chloramphenicol (5.0 g/ml) and Em (5.0 g/ml or 150 g/ml) were used for selection when appropriate. The number of CFU per ml was determined using a Whitley Automatic Spiral Plater (Don Whitley Scientific Ltd., West Yorkshire, England).
Computational analysis. Conserved protein domains were detected using Pfam (http://pfam.wustl.edu), and ClustalX (41) was used to align sequences. SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP-3.0/) was used to identify signal sequences, and THMM v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) predicted transmembrane domains in selected protein sequences. Putative functions were assigned to target genes manually by sequence comparison to an existing protein database using the BLAST-P algorithm (3). Phylogenetic trees of related protein sequences were constructed using ClustalX (41) and MEGA2 (25) .
DNA manipulation techniques. Total Lactobacillus genomic DNA was isolated according to the method of Walker and Klaenhammer (47) . Standard protocols were used for endonuclease restriction, ligation, DNA modification, and transformation (35) . Plasmid preparations for the purpose of screening E. coli transformants followed the method of Zhou et al. (48) . Large-scale plasmid preparations were performed with the QIAprep Spin kit according to the manufacturer's instructions (QIAGEN Inc., Valencia, CA). PCRs were carried out according to the manufacturer's recommendations using a Taq DNA polymerase PCR system (Roche Molecular Biochemicals). PCR primers (Table 2) were synthesized by Integrated DNA Technologies (Coralville, IA) and, when appropriate, restriction sites were designed into the 5Ј ends of the primers to facilitate future cloning steps. DNA fragments were extracted from 1.0% agarose gels using the Zymoclean Gel DNA Recovery kit (Zymo Research, Orange, CA). Electrocompetent Lactobacillus cells were prepared as described by Walker et al. (46) . Southern hybridization of genomic DNA was carried out using Magnacharge nylon transfer membranes (MSI, Westboro, MA) according to the manufacturer's instructions.
Site-specific integration into L. acidophilus NCFM. Using L. acidophilus NCFM chromosomal DNA as a template, an internal fragment of each target ORF was amplified using PCR with primers listed in Table 2 . The internal fragment was cloned onto the integrative vector pORI28 (26) and subsequently transformed by electroporation into L. acidophilus NCFM containing the temperature-sensitive helper plasmid pTRK669 (34) . Steps were then carried out according to the method of Russell and Klaenhammer (34) for selection of integrants. Successful integration of the plasmid was confirmed by PCR and Southern hybridization analysis of junction fragments.
Tissue culture. The Caco-2 (ATCC HTB-37) (ATCC, Manassas, VA) cells were used only between the 40th and 60th passages. All reagents used in maintenance of Caco-2 cells were obtained from Gibco (Gibco-Invitrogen Corp., Carlsbad, CA). The cells were routinely grown in a 95% air-5% CO 2 atmosphere in minimum essential medium supplemented with 20% (vol/vol) inactivated (56°C; 30 min) fetal bovine serum, 0.10 mM nonessential amino acids, and 1.0 mM sodium pyruvate. Monolayers were trypsinized for 10 min, counted using a hemocytometer, and seeded at 1.3 ϫ 10 5 cells/well in 2.0 ml of cell culture 
a Primer sets used to amplify an internal region of the specified ORF for cloning onto pORI28. Restriction enzyme digestion sites for XbaI (a), BglII (b), and EcoRI (c) are underlined.
b Primer sets used to detect junction fragments in integrants.
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on February 21, 2013 by PENN STATE UNIV http://aem.asm.org/ medium. The medium was replaced every 2 days, and all adherence assays were performed after 14 days of incubation. Cells were grown on 15 mm Thermanox plastic coverslips (Nalge Nunc International, Rochester, NY) in treated Costar 12-well tissue culture plates (Corning Inc., Acton, MA). Adherence assay. The adhesion of Lactobacillus strains to Caco-2 cells was examined according to the method described previously by Chauviere et al. (8) , with the following modifications. Briefly, mid-log-phase bacterial cells (optical density at 600 nm, 6.0) were prepared in MRS with 3.0 g/ml Em to maintain selective pressure on integrants. Cells were removed by centrifugation for 10 min at 4,000 ϫ g to eliminate any effect of low pH or extracellular proteins in culture supernatants and were washed twice with phosphatebuffered saline (PBS). Bacterial pellets were resuspended in 5 ml of fresh MRS prior to adherence. Fifteen-day Caco-2 monolayers were washed twice with PBS and treated with a bacterial suspension at a concentration of 4 ϫ 10 8 CFU/ml. The bacteria were incubated on the monolayer for 1.5 h at 37°C in a mixture (1:2 [vol/vol]) of MRS and cell line culture medium. Following incubation, the monolayers were washed five times with PBS, fixed in methanol, and Gram stained. Adherent bacterial cells were then enumerated microscopically. For statistical purposes, 17 fields were examined in a predetermined fixed grid for each coverslip (Fig. 1) . The pattern of the grid was selected by choosing the pattern of fields that most ideally represented the average count per field obtained by counting all fields on the coverslip. Duplicate coverslips were counted for each experiment. The final data presented collectively represented at least five experiments. Total counts for each coverslip were used, and adhesion was expressed as a percentage of that of the control strain, NCK1398 (34) , which carries an insert in the lacL (␤-galactosidase) gene. Using this control, all mutant cultures and the parental control could be prepared with Em to maintain selective pressure on the integrant.
RESULTS
Sequence analysis of putative adhesion ORFs. Three regions of the L. acidophilus NCFM genome were identified as harboring genes predicted to encode proteins that may participate in adhesion to the intestinal epithelium and mucosa. The first region encoded two adjacent ORFs (LBA1633 and LBA1634) showing homology to R28, a protein involved in adhesion of Streptococcus pyogenes to the vaginal epithelium (39) . The second and third regions contained a putative fibronectin-binding protein (LBA1148) and a mucin-binding protein (LBA1392). Figure 2 shows the sizes of the predicted proteins and surrounding features in the genome.
A fibronectin-binding protein (LBA1148) containing the Nterminal PFam domain (pfam05833) for fibronectin-binding protein A (FbpA) was identified; it was the only ORF in the NCFM genome containing that domain. LBA1148 is transcribed on the forward strand with its own promoter, ribosomal binding site, and terminator (Fig. 2) . LBA1148 showed 41% amino acid identity to a predicted adherence protein (NP_785358) in Lactobacillus plantarum WCFS1 and a putative fibronectin-binding protein (NP_814975) in Enterococcus faecalis V583 and exhibited Ͼ65% amino acid identity to uncharacterized putative proteins in Lactobacillus gasseri (Lgas02000275) and Lactobacillus johnsonii (LJ1182). Interestingly, the fibronectin-binding proteins identified in L. acidophilus NCFM, L. gasseri, and L. johnsonii are clustered away from other fibronectin-binding proteins when compared using amino acid sequence alignments (Fig. 3) . Previously studied fibronectin-binding proteins in Streptococcus mutans and Streptococcus gordonii also contain the FbpA PFam domain and show homology to LBA1148 (38% and 39% amino acid identity, respectively). Due to the similarities to other binding proteins, LBA1148 (FbpA) was inactivated by site-specific integration via a 734-bp internal region of homology. Confirmation of the integration event was performed by PCR analysis of junction fragments and by Southern hybridization (Fig. 4) .
LBA1633 and LBA1634 both show similarity to R28, a characterized adhesion protein in S. pyogenes. R28 contains 10 identical 79-residue repeats and was shown to promote the smaller than 1e Ϫ29 (nonredundant database), and two of those contain the LPXTG sortase-targeting signal for cell wall anchoring. One of the two, LBA1392, shows homology (25% amino acid identity) to a previously characterized mucus-binding protein in L. reuteri and is of similar size (33) . However, the amino acid repeat pattern in the L. reuteri protein is not conserved in LBA1392. Instead, LBA1392 contains two sets of three repeats each, ranging in size from 70 to 87 amino acids and showing 61 to 100% sequence identity between the repeats. The three repeats in each set are adjacent, and the two sets of repeats are located next to each other, covering an overall stretch of 1,586 amino acids. Transmembrane domains were identified at both the amino and carboxy termini of LBA1392, and a SIRK signal sequence and cleavage site were identified at amino acid position 50. Collectively, these predicted features strengthen the functional classification of LBA1392 as a candidate for mucin association and epithelial-cell adhesion. Mucus-binding protein homologs have been identified in several different lactobacilli (24, 31, 33) but are not generally found among the lactic acid bacteria. Although they have similar predicted functions and are found in similar probiotic lactobacilli, the lack of amino acid identity indicates substantial divergence for these proteins with presumed similar functions (Fig. 5) . LBA1392 (Mub) was also insertionally inactivated, and the integration event was confirmed by both Southern hybridization and PCR (data not shown).
Adhesion of mutants to epithelial cells. The effects of insertional inactivation of LBA1633, LBA1634, FbpA (LBA1148), Mub (LBA1392), and the surface layer gene, slpA (LBA1377) (1), were determined by screening the mutants' abilities to adhere to Caco-2 cells in vitro. Caco-2 is a colonic carcinoma cell line, commonly used to study bacterial adherence, which expresses many of the markers associated with normal small-intestine villus cells (30) . Log-phase bacterial cells and a 1.5-h adherence time have demonstrated the most consistent levels of adherence to Caco-2 cells in our experiments (data not shown). A derivative of L. acidophilus NCFM (NCK1398) harboring a plasmid integration into the lacL gene, encoding ␤-galactosidase, was used as the control so that antibiotic pressure could be maintained on all strains used in adherence comparisons. There was no significant difference in adhesion between NCK1398 and wild-type L. acidophilus NCFM (data not shown).
The cell morphologies of individual mutant strains were not altered under the growth conditions used in the study, with the exception of the SlpA Ϫ mutant, which grew as small curved bacilli (1) . Each inactivated gene contained a predicted downstream terminator, so any effects observed were not considered likely to result from downstream polar effects. Insertional inactivation of three of the five genes targeted in this study resulted in a significant reduction (P Ͻ 0.05) in adhesion to Caco-2 intestinal cells compared to the wild-type control (Fig. 6) . No reproducible effects on adhesion were observed with the two R28 homolog mutants, NCK1662 and NCK1720. Inactivation of a predicted fibronectin-binding protein resulted in a 76% decrease in adhesion. Mucin-binding proteins were predicted to be abundant in the genome of L. acidophilus NCFM. Inactivation of a single putative mucin-binding protein decreased the ability of the resulting mutant strain to adhere by 65%. The SlpA Ϫ mutant demonstrated the largest decrease in adhesion ability at 84%, although it is likely that multiple surface-associated proteins could be disrupted with the removal of the S-layer.
DISCUSSION
Adhesion of lactic acid bacteria to epithelial and mucosal surfaces is a complex process involving many different factors. The ability of these microorganisms to adhere to intestinal surfaces is potentially a major distinguishing feature for selection of bacteria as probiotic strains. Close interaction with host tissues may provide probiotics with a distinct advantage when establishing residence in the gastrointestinal tract or interacting with cells of the intestinal mucosa. This study exploited genome sequence data to identify four genes that may be involved in adhesion of NCFM to intestinal epithelial cells. A targeted approach for identifying adhesion factors and creating isogenic chromosomal mutations allows us to systematically evaluate cell surface proteins for their contributions to adherence or attachment capability. Previous studies have concentrated on identifying the locations of adhesive determinants (16, 20) , determining the nature of adhesive determinants (8, 10, (17) (18) (19) , comparing the adhesiveness of different strains (8, 42) , or identifying adhesion molecules using binding assays (17, 22, 33) . In contrast, this is the first study that has relied on genome sequence data to identify multiple cell surface proteins potentially involved in adhesion and specifically investigated their individual contributions via isogenic strain comparisons. In this study, a fibronectin-binding protein, a mucin-binding protein, and a surface layer protein each contributed, individually, to the ability of NCFM to adhere to Caco-2 cells in vitro.
The human Caco-2 cell line was originally isolated from a human adenocarcinoma of the colon. In culture, Caco-2 cells spontaneously differentiate postconfluence to display functional apical brush border microvilli and epithelial-cell polarization. This cell line has traditionally been employed to study the adherence of lactobacilli and to select for adhesive probiotic strains (5, 7, 8, 16, 18, 21) . Additionally, the Caco-2 model is commonly used to demonstrate the competitive exclusion properties of probiotic bacteria against enteropathogenic strains, such as various Salmonella and E. coli strains (6, 11, 15) . In examining the properties of probiotic bacterial adhesion to Caco-2 cells, many different protocols have emerged, each with its own benefits and shortcomings. After evaluating different protocols, we selected and adapted one based on its reproducibility and applicability to the cell surface knockout mutants constructed. Blum et al. (7) noted that the percentage of adhesion of a probiotic strain under given assay conditions does not represent an absolute value (7). Instead, adhesion should be reported as a value relative to a type strain. This study uses a ␤-galactosidase mutant as the control to ensure that conditions for propagation, specifically under antibiotic selection to maintain an integrated plasmid, are identical between the control strain and mutants. If the conditions of the adhesion assay are closely controlled, the effects of isogenic mutations in cell surface proteins can be accurately evaluated and compared.
We observed a significant decrease in adhesion to Caco-2 cells with inactivation of the surface layer gene, slpA. The surface layer is a self-assembled paracrystalline monolayer of proteins that coats the entire surface of some bacteria and archea. The function of surface layers can include cell shape determination, protection, and epitope display. Additionally, S-layers have been reported to be involved in epithelial-cell attachment (14, 38) . However, these studies used chemical treatments, such as LiCl, to remove existing S-layers from the organism. This approach does not account for the reappearance of the S-layer after chemical removal. Use of an isogenic S-layer mutant allows a more definitive study of the effect of the S-layer on adhesion. The absence of an S-layer was confirmed in NCK1377 at the time of experimentation; however, after approximately 6 months of storage, a chromosomal inversion resulted in the reappearance of an alternate S-layer (1). It is not surprising that such a dramatic effect on adhesion was observed in the current study when the gene encoding the surface layer protein was inactivated. Removal or alteration of a surface layer can have many dramatic cellular affects, not the least of which may be on surface charge, architecture, and the presence or conformation of various surface proteins involved in attachment.
Surface proteins involved in adhesion could adhere either directly to the epithelium or to specific components of the epithelial environment. The ECM surrounding mammalian epithelial cells is composed of various secreted proteins, including laminin, collagen, and fibronectin. Fibronectin is a dimeric glycoprotein reported to be involved in adhesion of Lactobacillus cells to intestinal cells in vitro (22) . Recent studies have reported fibronectin binding by lactobacilli (27, 40) and implicated involvement of fibronectin in epithelial-cell adhesion (22) . Other studies have proposed involvement of bacteriumassociated proteinaceous components in the adhesion of lactic acid bacteria to intestinal cells in vitro (18, 19) . Multiple fibronectin-binding proteins in various Streptococcus species have been examined, one of which is the surface-associated protein FbpA in S. gordonii (9) . FbpA appears to act as a bridging protein between the bacterial surface and the ECM of the host, although the precise mechanism by which this interaction occurs is not understood. By inactivating the predicted bridging protein, FbpA, in L. acidophilus NCFM, we expected to eliminate any adhesive properties due to fibronectin binding. Accordingly, we observed an approximately 76% reduction in adherence capacity, indicating that FbpA is an important, but not the only, factor contributing to the ability of lactobacilli to adhere to epithelial cells.
In addition to the ECM, epithelial cells in the mammalian gastrointestinal tract are covered with a thick layer of mucus composed mainly of glycoproteins called mucins. Mucin expression and composition are dynamic, balanced between production by goblet cells and degradation by proteases and physical erosion in the gut due to transit functions. Bacteria able to adhere to mucus but unable to associate with the epithelium may be washed away with degraded mucins, partially accounting for the transient nature of intestinal colonization observed for most probiotic bacteria. Studies have reported the abilities
of many lactobacilli to bind to human intestinal mucus (23) . The ability of lactobacilli to colonize this mucus layer could be vital in the realization of certain probiotic properties. A mucinbinding protein in L. reuteri, Mub, was shown not only to be associated with the cell surface via immunofluorescence, but also to bind intestinal mucins (33) . When examined as part of a fusion protein, the repeat regions of L. reuteri Mub were shown to bind mucus components. Therefore, the region targeted for integration of pTRK834 (the mub integration vector) was the repeat region of mub in L. acidophilus NCFM. Although the vector was designed to integrate into the repeat region, care was taken to avoid multiple regions of homology between the vector and mub. The resulting mutant showed a consistent 65% decrease in adhesion to Caco-2 cells. Although the Caco-2 cells in this study do not produce mucins, the contribution of the mucin-binding protein to intestinal-cell binding is evident. Both the Mub Ϫ and FbpA Ϫ mutants exhibited significant and reproducible decreases in adhesion to Caco-2 cells. Follow-up experiments will focus on the specific abilities of those mutant strains to bind mucin and fibronectin. The mutants with integrations in the contiguous R28 homologs (LBA1663 and LBA1664) did not produce convincing changes in adhesive properties. LBA1663 and LBA1664 both showed substantial homology to adhesins R28 in S. pyogenes and Rlp in L. fermentum BR11. The participation of R28 in the adhesion of S. pyogenes to vaginal epithelial cells might suggest that an in vitro model of the vaginal epithelium would be useful in characterizing these mutant strains, but that is beyond the scope of this study. Although these two ORFs in NCFM encode proteins similar to those in the Rib family, they do not contain the identical repeats present in most other Rib proteins, particularly Rib proteins in pathogenic organisms. Neighboring binding proteins with notable identity were identified in S. gordonii at two separate chromosomal loci (12, 29) . Although there are terminators downstream of both genes in NCFM, the fact that these genes are adjacent and very similar could account for the substantial variation observed in attachment levels. Perhaps the cell relies upon both proteins for similar functions in adhesion, and disruption of only one leads to a variable functional attachment phenotype. A mutant strain deficient in both of these proteins would be useful in determining their effects on adhesiveness.
Significant involvement of SlpA, FbpA, and Mub in adherence of L. acidophilus NCFM to Caco-2 cells was demonstrated. Given that the inactivation of LBA1633 and LBA1634 produced neither dramatic changes nor reproducible results, the effects of the SlpA Ϫ , FbpA Ϫ , and Mub Ϫ mutations are even more striking in comparison. The genetic mechanisms and components involved in the binding of Lactobacillus to the human intestinal epithelium have yet to be fully characterized. However, with the increasing availability of genomic data and the molecular tools necessary to construct functional isogenic mutants, cell surface components can be identified and tested in vitro. No single gene inactivated in this study was able to completely eliminate adhesion of NCFM to Caco-2 cells, thereby strengthening the hypothesis that adhesion is achieved through an intimate interplay of multiple factors. Elucidation of the molecular components, and their interactions, in adhesion of lactobacilli to human epithelial cells is expected to progress rapidly through the use of functional genomics to identify and confirm those key factors.
